The gabbro-garnet granulite-eclogite transformation may play a significant role in driving the motions of terrestrial lithospheric plates. Whether or not this transformation is in fact important as a driving mechanism for plate tectonics depends on the relationship of the reaction time to geologic time. Solid state diffusion under completely dry conditions is investigated as a possible model for the gabbro-eclogite reaction, with the result that it could not produce the transition in geologically meaningful times at temperatures less than circa 600ø-800øC in the earth's upper mantle. Other reaction mechanisms must exist for the geologically rapid occurrence of the phase change at lower temperatures. It is found that one of these mechanisms can be grain interstitial diffusion in a mantle with minute amounts of water. In this model, dissolved ions migrate through water films surrounding mineral grains to sites of reaction. A water-undersaturated mantle contains a small quantity of hydrous phases, such as chlorite, amphibole, or talc, the presence of which implies that interstices within the rock can contain water in equilibrium with these minerals and at a pressure PH•.o which is less than the pressure in the rock. Implicit then is the presence of other gases and/or structural rock integrity. This PH 
INTRODUCTION AND BACKGROUND
It has been observed that with increasing pressure at high temperature (•800 ø to 1200øC) a gabbroic mixture (pyroxene and plagioclase, with or without olivine, quartz, and spinel) with a density of 2.9-3.1 g/cm 3 reacts, starting at 10-15 kbar, and forms a garnet granulite (garnet, pyroxene, and plagioclase) with a density between 3.2 and 3.3 g/cm 3. At still higher pressure (15-30 kbar), depending on specific composition, an eclogite assemblage (garnet and pyroxene) with a density in the range 3.4-3.5 g/cm • forms.
There have been numerous speculations regarding the role of this gabbro-garnet granulite-eclogite phase transformation in a number of phenomena in the earth's interior. lto and Kennedy [1971] and Kennedy and lto [1972] on the basis of their claim of fairly sharp increases in density at the onsets of the gabbro-garnet granulite and garnet granulite-eclogite transitions have recently modified the original phase change interpretation of the Mohorovicic discontinuity [Lovering, 1958; Kennedy, 1959] . They suggest that the discontinuity in seismic P wave velocity from 7.5 to 8.2 km/s found at depths of about 50 km under continental areas which have undergone recent Copyright ¸ 1975 by the American Geophysical Union.
vertical movement and at depths of about 20 km under certain ocean rises may represent the equilibrium phase boundary between garnet granulite and eclogite [lto and Kennedy, 1970] . Also they propose that the shallower seismic P wave velocity discontinuity of 6.5-7.5 km/s may map a rate process boundary that is an approximate isotherm along which the temperature is sufficiently high (•400øC) that recrystallization of metastable gabbro to the stable garnet granulite occurs. Ringwood and Green [1966] in spite of their objections to a worldwide gabbro-eclogite M discontinuity suggested that in areas of high heat flow and presumably of high temperatures at the base of the crust, as occur in tectonic provinces, the gabbro-eclog•te transition could explain the often gradational Moho observed in these regions. They also speculated that piles of basalt and gabbro formed at continentaI margins in the initial stages of orogeny would subsequently transform to eclogite and sink into the underlying mantle, triggering the orogenic epic and eventually resulting in continental accretion. A second related hypothesis proposed by Ringwood and Green [1966] (see also Schubert and Turcotte [1972] ) is that gabbro in the oceanic crust undergoes thermally activated transformation to eclogite upon descending into the mantle at an island arc subduction zone. The gravitational body force associated with this relatively cool and dense eclogitic layer provides all or part of the driving mechanism for the mantle flow field associated with plate tectonics. The gabbro-eclogite transformation then takes place in the upper -,,300 km of the subduction zone. At greater depths the downward body forces accompanying the lower transition of a-(Mg, Fe)2SiO4 to the/5 and 3' phase have recently been described by Turcotte and Schubert [1971] . Press [1969] has suggested that as the basalts and gabbros which may be produced at depth under midocean ridges move laterally away from the ridge, carried by the horizontal motion of the lithosphere below, transformation to eclogite could occur upon cooling. The resulting gravitationally unstable lithosphere would then readily sink at an island arc subduction zone. This idea calls for the gabbro-eclogite transformation to occur during cooling at relatively constant pressure, whereas the Ringwood and Green [1966] and Schubert and Turcotte [1972] suggestion, although similar in some respects, envisions the phase change taking place upon heating with increasing pressure. A further significant distinction between the Press [1969] and Ringwood and Green [1966] and Schubert and Turcotte [1972] mechanisms is that the former invokes an eclogite suboceanic lithosphere, while the latter refer only to the gabbro-eclogite phase change in the oceanic crust known to be of basaltic composition. We emphasize that the phase change densification of only the subducting oceanic crust, should it occur at sufficiently shallow depth in the mantle, could provide a downward body force in the lithosphere comparable to that of thermal contraction of the entire descending lithosphere or to that associated with the elevation of the olivine-spinel phase boundary .
Proper evaluation of these proposals requires knowledge of the pressure-temperature stability field of the transformation, Kennedy and lto, 1972] , our knowledge of the equilibrium stability field is adequate for evaluation of the role of the reaction in many geophysical processes. However, the same cannot be said of our knowledge of the reaction rate; aside from approximate estimates of the reaction times at two temperatures in a single experiment [Ito and Kennedy, 1971] , no data on the reaction rate are available. Unfortunately, our lack of knowledge of reaction rates is the most serious limiting factor in our assessment of the importance of the gabbro-eclogite transformation in many phenomena.
As an example, consider the gabbro-eclogite transformation in the descending crust. According to the pressure-tempera[ure stability diagram of Figure 1 and the shear stress heating curves for crustal elements [Turcotte and Schubert, 1973] (shown in Figure 9 , for example), a layer of crustal basalt and gabbro attached to the upper surface of a lithospheric slab descending into the mantle will find itself in the stability field of eclogite at relatively shallow depth (notwithstanding the controversy over the extrapolation of the empirically determined stability fields to low temperature and pressure, this depth will certainly be no more than 20-30 km). However, at these shallow depths the temperature of crustal elements will be less than about 200øC [Turcotte and Schubert, 1973] , and the rate of reaction may be sufficiently slow for the gabbro to be metastable well into the eclogite stability field. The transition from gabbro to eclogite in the relatively cold descending crust is a rate-dominated process. The equilibrium phase diagram tells us only that the reaction may occur in the descending crust; rate processes determine whether or not the reaction will in fact take place.
In the present paper we hope to clarify the importance of the gabbro-eclogite transition to several processes in the earth's interior by better understanding the reaction rate of the transformation. This is accomplished by developing simplified microscopic models of the phase change which permit assessments of reaction times and their dependences on variables such as pressure, temperature, and grain size. Two basic models will be considered, one a solid state diffusion model for the transition under totally dry conditions and the other a model of diffusion through interstitial water vapor. The major conclusion we reach is that the transformation may occur via grain interstitial diffusion of ionic species if the gabbro-eclogite reaction is to occur on a geologically significant time scale at temperatures below •800øC. The reaction rate, instead of being controlled by temperature as was commonly believed (recall the Ringwood and Green [1966] and Schubert and Turcotte [1972] proposal for thermally activated transformation in the descending crust, for example) is governed mainly by the generation of water vapor in equilibrium with hydrous mineral phases and the increase in ion solubility with pressure in the supercritical water.
CASE FOR SOLID STATE DIFFUSION
In examining the possible physical mechanisms which control the gabbro-eclogite transformation under dry conditions, solid state diffusion is a prime candidate since it is known to be experimentally difficult to form garnet granulite, or eclogite, at temperatures lower than about 800øC [Ito and Kennedy, 1971 ]. However, even at these temperatures with Li:B407 as a fluxing agent, complete transformation in very fine grained starting materials was not achieved on a 1-week time scale. Ito and Kennedy [1971] reported that at 1200øC equilibrium was attained in approximately 5 min. From these data and the assumption that the reaction time is proportional to the exponential of the product of a constant and the reciprocal temperature (see (8)), they inferred that in geologic times of 106-107 yr, recrystallization of gabbro to garnet granulite, or eclogite, should occur down to temperatures as low as about 400øC. At still lower temperatures, gabbro was inferred to remain metastable in the garnet granulite, or eclogite, fields for extremely long periods.
The solid state diffusion model of the gabbro-eclogite reaction considers the growth of garnet at the interface between crystals of olivine and plagioclase with the rate of reaction controlled by the diffusion of cations through the growing garnet crystal. Geologic examples of solid diffusion limited mineral formation may be provided by certain of the coronas or reaction rims in high-temperature metamorphic rocks. In the formation of certain of these metamorphic textures, coarse-grained anhydrous mineral assemblages in cooling from high temperature undergo reactions at grain boundaries resulting in the growth of new minerals which armor the primary ones and thus slow the diffusion-controlled reactions.
A classic multilayered corona which occurs at the junction of olivine and plagioclase in gabbroic rocks is described by Spry [1969] The simplicity of reaction (1) follows from the fact that it involves only three species, each having the same Si/O ratio. We assume that although the SiOn--tetrahedra are rearranged in reaction (1), they undergo no net transport. This assumption seems well justified, as recent data for O--self-diffusion in forsterite [Heuer et al., 1973] [Cooper, 1965; Schmalzreid, 1969; Buckley, 1973 ] that the effective ternary diffusion constant for reaction (1) is more likely within one order of magnitude of the value of the diffusivities of the slowest moving species, in our case, A1 +++. The examples given by Buckley [1973] further suggest that the activation energy in the case of a binary system is also close to that of the slowest diffusing end member. (Since in ideal solutions the binary diffusion fluxes are, at thermodynamic equilibrium, linear combinations of end member self-diffusion fluxes, for the present purpose we have not differentiated between binary and self-diffusion data.) The question of whether cation diffusion in a polycrystalline aggregate can be controlled (and presumably occur more rapidly) by surface diffusion processes has been examined by Paladino and Coble [1963] and Mistler and Coble [1971] . They conclude that cation-diffusion is usually independent of grain boundaries in ionic compounds although they point out that some exceptions do occur. In the case of Al:Os they find that apparent self-diffusion coefficients (surface diffusion) for oxygen are greater than those for Al +++ only in aggregates having crystallites smaller than 20 •t. We conclude that there are insufficient experimental data at present to assess the possible importance of solid state surface diffusion processes as they pertain to the basalt-or gabbro-eclogite reaction rate.
From In contrast to near-surface conditions, in a water-saturated system at depth, eclogite forms above 19 + 7 kbar (Figure 7) . At this pressure, Figure 13 demonstrates that ion solubility is sufficiently great that the amphibolite-eclogite transition will occur rapidly.
Since ample evidence exists that some water-bearing minerals are present in virtually all mantle-derived rocks and since melting data for water-saturated basaltic compositions indicate that it is unlikely that the lithospheric rocks are fully water-saturated, it is important to consider the conditions in unsaturated rocks which are required to enhance the reaction rates associated with the gabbro-eclogite transformation. For water vapor to exist inside voids within minerals or along grain boundaries and yet not be in excess requires either that another fluid phase(s) be present, such that the partial pressure of the other phase(s) plus P.
•o is equal to P•,, or that P.
•o < P•-and that the rock be able to support kilobar-level stress differences over a grain size distance scale. Although it has long been believed that the small openings in samples of with the presence of serpentine, tremolite, and talc were calculated using the following reactions, which are taken to be typical for the spontaneous breakdown of each mineral.below its dehydration temperature: on different mineral system phase equilibria. Table 5 , from Morey [1957] , shows that the addition of a small amount of CO•. to superheated steam at 500øC and 1 kbar significantly increases the solubility of iron and tin oxides and CaCO3 while it decreases the solubility of quartz. Burnham [1967] reported on the effects of 2 and 5 wt % CO, solutions on the composition of the aqueous phase in equilibrium with granite at 650øC and 6.0 kbar. The total solute content was considerably reduced below that in distilled water at the same temperature and pressure; the reduction in solute content was proportional to the percentage of CO2. For the 5% CO, mixture the ratio of the concentration of Si to the concentration of Si in the pure aqueous phase was 0.55. A similar concentration reduction ratio for AI was 0.49, for K it was 0.28, and for Na it was 0.25. Calcium content in the 5% CO, mixture as compared with that in the pure H,O phase was reduced even more than the Na content. Burnham [1967] We conclude from the foregoing that although the presence of COo. modifies the phase diagrams and affects the ion solubility in superheated steam, the major role of COo. is to provide an additional fluid partial pressure so that water vapor may be present in undersaturated rock interstices.
APPLICATION OF THE GRAIN INTERSTITIAL DIFFUSION MODEL TO SUBDUCTION
We assume in the following that basaltic composition rocks of the uppermost lithosphere comprising the basement rock of the ocean floor are subducted and are in the process exposed to a thermodynamic path similar to the paths computed by Turcotte and Schubert [1973] and Toksbz et al. [1971] . The question as to how deep basaltic-type composition rocks extend into the mantle portion of the lithosphere, i.e., depths greater than --• 12 kin, in the form of granulite, or eclogite, has been the subject of several recent studies [Forsyth and Press, 1971; lto, 1974] and remains to be definitively settled. However, there appears to be little doubt that the uppermost igneous rocks are basaltic. If, as we believe is likely, these rocks are undersaturated with respect to Ho.O, we can apply the Ho.O vapor pressure calculation for serpentine (assuming a similarity to chlorite), tremolite, and talc to give lower bounds on the time scale for the gabbro-eclogite transformation. In general, the presence of other major phases, and possibly extra but not excess water, will only tend to increase the vapor pressure and hence give faster reaction times. By only considering the above three minerals we are tacitly assuming that the system contains sufficient water to have formed all the possible very low vapor pressure minerals such as phlogopite. We suspect that the breakdown reactions of such minerals as phlogopite and possibly titanoclinohumite will buffer the Ho.O partial pressure at temperatures greater than -• 1100øC and pressures of -• 100 kbar, probably below regions in the subducting slab where both the gabbro-eclogite transition and possibly partial melting [Turcotte and Schubert, 1973] Both the formation of eclogite from the oceanic crust, which should most certainly occur at relatively shallow depth upon subduction, and the possible presence of substantial eclogite in the upper •100 km of the oceanic lithosphere will produce substantial downward body forces on the slab, possibly controlling the subduction process.
